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ABSTRACT 


The effect of solvent and temperature on the 
diffusion coefficients of some organic nitro compounds 
was investigated using polarographic and viscosity measure- 
ments. The viscosity for the glycerol and ethylene glycol 
systems varied between about 130 poise and 0.02 poise for 
the temperature range 0° to 100°C, i.e. representing a 
VAitoacrOnmota mao ool  OLeasouc OO00.. “The diffusion 
Poerriciencs Obtained from polarographic measurements and 
the Ilkovic Equation and from viscosity measurements and 
the Stokes-—Einstein Equation are of similar magnitude. 

An attempt was made to correlate the diffusion 
coefficients obtained from viscosity data with those 
obtained from polarographic data. The results indicate 
ieee ole Viscosity 1S not the only factor affecting the 
diffusion coefficients. The nature of the solvent isa 


Minors actor also alLfecting diffusion coefficients. 
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I INTRODUCTION 


The interest in the diffusion of small molecules 
in viscous solvents is due to the rapid advance in the last 
decade of the use of gas chromatography as a method of 
analysis. Diffusion rates are important in gas chromato- 
graphy because of their effect on plate height and column 
efficiency. The general relation for the variation of plate 
height with carrier-gas flow rate is usually associated with 
van Deemter, Zuiderweg and Klinkenberg (43). This relation 
attributes band broadening at high flow rates mainly toa 
resistance to mass transfer in the liquid phase. In other 
words the slow rate of mass transfer from the liquid to the 
moving gas phase, and vice versa, is caused by a low rate 
of diffusion of solute molecules in the liquid phase. Hence 
a knowledge of diffusion coefficients in viscous liquids 
would allow one to gain further understanding of the effects 
of resistance to mass transfer. 

At present, few measurements of diffusion coeffic- 
ients in viscous liquids have been made and the methods 
employed for determining diffusion coefficients in any liquid 


are usually laborious. 
General Methods for Diffusion Coefficient Measurements 


The general methods for determining diffusion 


coefficients are normally based on either of Fick's two laws 
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(38a) 
of diffusion. Fick's first law, which describes the process 


of translational diffusion in one direction is given as (27) 
gs, 
at e - DA F) eis mlb 


where Os is defined as the quantity of solute diffusing 
across a boundary of cross-sectional area A in the time dt; 
IC/ Ox is the concentration gradient where C is concentra- 
tion and x is distance and D is a proportionality factor 
defined as the diffusion coefficient. Fick's second law is a 


more general relationship and is given as (50) 
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t Ox? 


Equation 2 is based on the assumption that the diffusion 


coefficient is independent of concentration. Providing 
Equation 2 can be integrated, the diffusion coefficient can 
be determined from measurements of either Oc/ ax or concen- 
tration as a function of distance and time. 

It would not be feasible, in this dissertation, to 
discuss in detail all of the various methods available for 
the determination of the diffusion coefficient. The processes 
that may be involved in these methods may be classified as 
free, restricted and steady-state diffusion. These three 
general processes are briefly described below. For those 
readers interested in a more thorough discussion of the 
methods available for determining diffusion coefficients, 


review articles by Weissberger (49), Neurath (36) and Harned 
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(16) are recommended. 

The experimental methods employing free diffusion, 
which are based on Fick's second law, involve the formation 
of an initially sharp boundary between the two phases, with 
the more dense phase on the bottom of a diffusion cell. The 
diffusion cell itself should be tall enough so that the compo- 
Sition at the bottom and at the top of the cell remains un- 
changed during the period of observation. The most generally 
applicable methods of determining the concentration or con- 
centration gradient in the diffusion cell are optical which 
involve determining the refractive-index gradient that is 
established. The refractive index gradient is related to 
the concentration gradient and hence to the diffusion coeffic- 
ient. Two of the most common methods applied to the case of 
free diffusion are the Lamm Scale Method (a refractometric 
method) (51) and the Schlierin Method (a refractometric scanning 
method) (52). 

In restricted diffusion we have a continuation of 
the process of free diffusion wherein concentration changes 
are measured at the ends of the column or diffusion cell. 
Measurements are made during the latter stages of the process, 
i.e. when the concentration difference between the two ends 
of the cell approaches zero. Two of the common methods used 
for the restricted diffusion process are the method of Layer 


Analysis (53) in which discrete layers of the diffusion 
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column are sampled and analyzed and the Electrical Conductance 
Method (54) which is limited to electrolytes. 

In steady-state diffusion the first law of Fick 
serves aS a means of computing the diffusion coefficient. 
Diffusion takes place through a region in which the concentra- 
tion gradient is independent of time. An example of this 
method is the porous-plate method of Northrup and Anson (55). 
This method requires a calibration with some substance of 
known diffusivity in the same solvent so the diffusion 
coefficient obtained is a relative one. 

In this investigation, diffusion coefficients are 
obtained from polarographic measurements and the Ilkovic 
Equation. This could be classified as a steady-state method 
and is one of the simplest techniques for diffusion coeffic- 
ient measurement and furthermore it is applicable to dilute 
solutions. Since the measurement of diffusion coefficients 
by any method, including the polarographic one, requires a 
great deal of experimental finesse, it would be convenient 
to establish a generalized relation between the diffusion 
coefficient and some more simply measureable property such 
as viscosity. One could then simply determine the viscosity 
and calculate the diffusion coefficient. This type of cal- 
culation should be possible by means of the Stokes-Einstein 
Equation if the correct values of the constants are obtained 


from measurements of diffusion coefficients in viscous 
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solvents, In this research an attempt has been made to 
correlate diffusion coefficients obtained from polarographic 
_.mMeasurements with viscosity, to allow one to calculate 


diffusion coefficients of other systems merely from viscosity 


measurements. 
DiETuUSsSLoOn "Coerfticrents and the Ilkovic Equation 
The Ilkovic Equation is derived in part from a form 


of Fick's first law, i.e. the fundamental differential equation for sym- 


metrical spherical diffusion, given as (24). 
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Ceca LonwoOre tie, 1 fKOvicakouation,« relating diffusion current 
to concentration of the diffusing species, iS performed by 
applying Equation 3 to the case of an expanding spherical 
electrode, the dropping mercury electrode (25). 

For the purposes of this research, the Ilkovic 


Equation was used in the form (26) 


ig = 60mD'/? cm?/7e1/° 


where 1 is the average diffusion current in microamperes, 

n the number of faradays per mole of electrode reaction, D 
et : 2 

Meo tus on coctbicaent. in cm /second, C ..the,.concentra-— 


tion.of diffusing species in millimoles/liter, m the rate 


Of Elow. of mercury in mg/second, t the drop time in seconds 
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the capillary constant in mg 
Equation 4 predicts a linear relationship between diffusion 
current and concentration. There is ample evidence to 

support this experimentally with a variety of compounds in a 
variety of solvents: metal ions have been studied in aqueous 
solutions and also in nonaqueous solvents such as ethylene- 
diammine (39), acetonitrile (22,23), ethylene glycol (5,12) 
and alcohols ranging from methanol to pentanol (5). The 

same linearity was found for nitroparaffins (9,18,35,40) 

and substituted nitrobenzenes (7,37) in aqueous solutions, 
acid halides in acetone (1), organic halogen compounds in 
dimethylformamide (30), nitrobenzene and some of its deriva- 
tives in glycerol (8), dimethylformamide (21), acetonitrile 
(13,14), aqueous dioxane (11), ethanol/benzene mixtures (15) 
and nitroparaffins in a variety of nonaqueous solvents ranging 
from methanol to glycerol (38). 

Change of solvent from aqueous solution can affect 
the diffusion current in several ways. First, a change in 
the surface tension of the mercury causing a change in the 
drop time, hence a change in the capillary constant. The 
constancy of the capillary constant in varying solvent media 
is shown by the data of Walter and Rosalie (45) for water/ 
dioxane mixtures in which they reported a variation of 
+ 1.6 percent in the capillary constant. Similarly, the data 


of DeVries and Bruss (8) for glycerol solutions in which a 
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Vapi oeonwonm tf! . | percent as noted. However, in this 
Seuoyv way Variation 2n the capillary constant is accounted 
for since the value of this term was determined for each 
mun. second, the solvent may change the diffusion current 
because of its effect on the diffusion coefficient. Because 
of increased viscosity it is usually smaller in nonaqueous 
solvent. 

Lingane and Kolthoff (34) experimentally verified 
Shewoorreolneossmor Lhe numberical, constant. 607, of Equation 
4 and the diffusion coefficient term for a number of metal 
ions in 0O.1M potassium chloride solutions. These workers 
give evidence that the observed diffusion coefficient 
obtained by polarography agree with those obtained from 
equivalent conductance measurements. Their results for 
thallous, lead iodate and chromate ions show an agreement 
re Oo eee pe ecico ue tween fooper ved and calculated 
diffusion coefficients. We therefore assume that the 
determination of diffusion coefficients from the Ilkovic 
Equation is justified. 

Nitro compounds were chosen in this study because 
their polarographic behaviour is fairly well known. The 
current-voltage curves one obtains are well defined and 


therefore allow for easy analysis. 


Diffusion Coefficients and the Stokes-Einstein Equation 


An expression which describes the effect of solvent 


Viscosity on the diffusion coefficient is the Stokes-Einstein 
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Equation (29) 


kT 
6ThHr 


where k is Boltzmann's constant, 1.38 x logae 


ergs/degree, 
T the absolute temperature, n the viscosity and r _ the 
radius of the diffusing species. Equation 5 relates the 
SePeeMetouwcocericicnt of auparcicle, D, to the viscosity 
of the solvent medium. It is obtained from Equation 6, 


relating the diffusion coefficient of a particle to its 


mobility, 65 (27), and Stokes law (41) (Equation 7) 


Dy = RTS OG 
where 5 = : Ee eye 
ae 


Stokes law relates the mobility of large spherical particles, 
i.e. particles larger than the molecules of the solvent, to 
the viscosity of the medium. 

As pointed out in the preceeding paragraph, the 
Stokes-Einstein Equation is applicable to the special case 
where the diffusing particles are larger than those of the 
solvent medium. The choice of the factor 6TT is based on 
the assumption that the medium can be regarded as homogen- 
eous and there is no slippage between the solvent and 
diffusing molecules. For the case when the diffusing 
particles are equal to or slightly larger than the solvent 


molecules the factor 6% in Equation 5 is replaced by the 
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factor 4m (32). This factor is chosen to account for 
slippage between the diffusing particles and the solvent 
molecules. The expression for the diffusion coefficient 


under these conditions then becomes (32) 


eth 
Ath xr 
Equation 8 includes the case of self-diffusion. 
To apply Equation 8 to the determination of diffu- 
Sion coefficients it is necessary to know the radius of the 
particles in question. If we are dealing with spherical 
molecules which are not solvated, we can express the radius 
in terms of the molar volume of the substance. The molar 


volume, V, is defined as 
V = Mf ea a 


where M is the molecular weight and d is the density of 


the substance in the pure state. If we write 
Ne miei 


where N is Avogadro's number, Equation 8 can be written as 


(uj 2 ge 


Bauation lf predicts that the diffusion coefficient 1s a 
linear function of the viscosity-temperature ratio when 


applied to the case of self-diffusion. In other words the 
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product of the diffusion coefficient and the viscosity- 


temperature ratio should be a constant: 


HIS 


= a constant Pee ee HP) 


The constancy of this product, to within 3 percent, was 
observed by Wang and coworkers (46-48) for the self-diffus- 
ion of water between 0° and 55°C. 

Li and Chang (32) report fair agreement between 
Equation ll and experimental data. They found that the value 
Otechnestunctions (KT/Dn) in /v) 273 varied between 5.4 and 8.3 
when applied to experimental data. This range of values 
compares favorably with the value predicted by Equation ll, 
i.e. 2m (6.28). As stated previously, Equation 11 is applic- 
able to the case where the diffusing species are of the same 
Size as the solvent molecules. In general, when one applies 
this equation to the case of small diffusing species, i.e. 
small with respect to the solvent molecules, it is necessary 
Porwad just the factor Zt to take into account Che size of the 
diffusing species. The diffusion of small molecules in 
solvents consisting of large molecules has not been invest- 
igated to any extent. Lamm's (31) study of the diffusion of 
water in glycerol seems to indicate that the factor in 
Pauation ll should be replaced by a smaller factor. Since 
the condition of interest in gas chromatography is the case 


of small solute molecules diffusing in a solvent consisting 
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of large molecules it would be convenient to have an equation 
of the form of Equation 11. Such an equation should apply 


with the appropriate alteration in the factor 2, i.e. 
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where "a" is a coefficient characteristic of small solute 


molecules diffusing in a solvent consisting of large molecules. 
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Reagents 


Fisher reagent grade ethylene glycol and glycerol 
were used without further purification as solvents. Fisher 
reagent grade lithium chloride was dried for 28bour s at 
100°C and stored in a dessicator before use as/indifferent 
electrolyte. Eastman reagent grade nitroethane, l- and 2- 
nitropropane, nitrobenzene, o-nitrotoluene, 2-nitro-p-xylene, 
3-nitro-o-xylene and K and kK* reagent grade 1- and 2-nitro- 
butane were used without further purification. Stock solutions 
of 0.1M LiCl in ethylene glycol and glycerol were prepared 
and stored under a nitrogen atmosphere. 

The solutions for polarographic measurements were 
preferably prepared by weighing. A concentrated solution, 
ca. O0.1M with respect to the reducible compound, was first 
prepared by adding a sufficient amount of the reducible 
compound to the stock 0.1M LiCl solution above. A portion 
of this concentrated solution was then diluted in a 100 ml 
volumetric flask with the 0.1M LiCl-ethylene glycol or 0.1M 
LiCl-glycerol to give the desired concentration of about 
10-°M. 100 ml of final solution was sufficient for the 
solvent saturator and measurements of the diffusion current, 


capillary constant and viscosity. All dilutions were carried 
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*K & K Laboratories, Plainview, New York. 
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Polarography of Organic Nitro Compounds in Ethylene Glycol 
and Glycerol 


It is generally accepted that the reduction of 
organic nitro compounds proceeds through a 4 electron step 
POnplorm the corresponding hydroxylamine (7,9,18),21,35,37,38, 


40), i.e. 


R - NO, + Aan” 4) deme) OR — NBO + 4H.,0 


Radin and DeVries (38) used the diffusion coefficient 
reported for nitromethane in methanol (19) along with 
diffusion currents obtained for nitromethane in methanol and 
calculated a value of 3.9 (i.e. 4) for the number of electrons, 
n, from the Ilkovic Equation. They observed wave heights and 
half-wave potentials of the same order of magnitude for sever- 
al other nitroparaffins. They concluded it was logical to 
assume the same value for n for all nitroparaffins. 
Similarly, Pearson (37) obtained n = 3.92 (i.e. 4) for nitro- 
benzene in aqueous solutions from calculations involving the 
Ilkovic Equation and the diffusion coefficient of the benzoate 
ion from conductivity data (28). Therefore on the basis of 
the above evidence it will be assumed that a value of n equal 
Toc4is justified in this research, 

The current-voltage curves obtained for the nitro 
compounds were well formed and symmetrical in both ethylene 


glycol and glycerol (Figures 1 and 2). However, due to the 
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Figure 1. Polarograms of 5.3.x 10..°M nitrobenzene in 


0.1M LiCl-ethylene glycol (0.005 percent in gelatin) 


using a Ag/AgCl reference electrode. A, O°C; B, 100°C. 


The bottom line is the residual current. 
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Figure 2. Polarograms of 5.5 x 10 M nitrobenzene 


in 0.1M LiCl-glycerol using a Ag/AgCl reference 


electrode. A, 0°C; B, 100°C. The bottom line is 


the residual current. 
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viscous nature of the two solvents employed a number of 
difficulties were encountered. Deaeration with purified 
nitrogen (Linde) took more time than for aqueous solutions. 
It was necessary to purge the solutions with nitrogen for 
approximately 30 minutes to ensure complete removal of 
oxygen from the 0.1M LiCl-ethylene glycol and the 0.1M Licl- 
glycerol solutions. Deaeration of the ethylene glycol-based 
solutions was carried out at 0°C. Glycerol-based solutions 
were so viscous at 0°C that they needed to be deaerated at a 
higher temperature and 25°C was used. 

After deaeration it was noticed that solutions of 
glycerol were milky due to the many fine bubbles of nitrogen 
trapped in the solution. Since the solutions were viscous at 
the deaeration temperature these fine bubbles would move 
Slowly to the surface. The solutions were stored up to 
twelve hours in a dessicator under a nitrogen atmosphere to 
allow them to clear before measurements were made. Current-— 
voltage curves on solutions stored in the above manner for 
as long as 24 hours showed no uptake of oxygen and therefore 
this procedure was followed for all the measurements. Pre- 
liminary measurements were also carried out on the above 
deaerated solutions to determine if a nitrogen atmosphere 
was necessary while the measurements were being made. A 0.1M 
LiCl solution was deaerated, allowed to clear and diffusion 


current measurements carried out after storage. After 
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removal from the dessicator the solution was examined immedi- 
ately and again six hours later. No oxygen uptake was evident 
as the current-voltage curves in Figure 3 show. In all cases 
the dropping mercury electrode was immersed to a depth of at 
least 2.5 cm. To help prevent the loss of sample during 
deaeration, the nitrogen was presaturated with the solution 
being deaerated before passing into the electrolysis cell. 

Since deaeration was carried out at 25°C for the 
glycerol-based solutions a preliminary check was carried out 
to see if the deaeration resulted in a sample loss. A 
solution, approximately 108M, of 2-nitropropane in 0.1M 
Licl-glycerol was deaerated for 30 minutes at 25°C, allowed 
to clear and the polarogram recorded at 25°C. After an 
additional 20 minutes deaeration and subsequent storage to 
allow the solution to clear, another polarogram was obtained. 
No significant loss in sample was evident as revealed by the 
diffusion currents obtained: 0.312 microamperes after 30 
minutes deaeration and 0.310 microamperes after an additional 
20 minutes deaeration. Therefore it was assumed that no 
sample loss resulted and deaeration of the glycerol-based 
SOlutions Was carried out at 25°C. 

Due to the small diffusion currents (hence small 
diffusion coefficients) in the glycerol-based solutions, 
specifically at 0°C, it was thought that there might be a 


depletion of the reducible species in the vicinity of the 
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Figure 2. Residual current curves for 0.1M LiCcl-glycerol at 
25°C, using the same Compensation for Changing Current setting 


on the Metroholm Polarecord. 


A: after deaeration and 6 hour storage; 
Be A, .6.hours later; 
c: after deaeration and 24 hours storage; 
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dropping mercury electrode. This would manifest itself ina 
decreasing diffusion current if the reduction was allowed to 
continue at a potential corresponding to some point on the 
diffusion current plateau. A solution, approximately 10° °M 
nitroethane in 0.1M LiCl-glycerol, was examined to determine 
if any significant change in the diffusion current plateau 
resulted. A polarogram at O°C was obtained and then the 
potential was set at -1.6 volts (vs Ag/AgCl). This corres- 
ponded to a potential well along the diffusion current plateau. 
A short trace was obtained at this potential with the electrode 
then being allowed to remain at this potential for 10 minutes. 
Another short trace was obtained and the heights of the 
diffusion current plateaus were compared. No significant 
change was observed in the wave height: e.g. 24.5 mm initially 
and 24.2 after 10 minutes, a change of only about 1 percent. 
Difficulty was encountered with erratic drop forma- 
tion both at low and high temperatures. At low temperatures 
the drop, especially in the viscous glycerol-based solution, 
upon breaking from the capillary would not fall free of the 
electrode and often would merge with the next drop to form. 
This difficulty was overcome by grinding the electrode tip 
to a pencil point (42) and as evident from the photograph in 
Figure 4 the drops fall free of the electrode. No appreciable 
change in the value of the diffusion current was observed 
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Figure 4. Photograph of drop behaviour in 0.1M LiCl- 
glycerol. Temperature: 1°C; Viscosity: approximately 
I07 poise; drop time; 4.5 seconds. Photograph, 


actual size, single exposure, £5.4, 1/15 second. 
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in 0.1M LiCl-glycerol the diffusion current before grinding 
was 0.35 microamperes and after 0.344 microamperes. At 
higher temperatures, greater than 40°C, erratic drop forma- 
tion appeared to result from wetting of the capillary due 
to the retreat of the mercury column up the capillary after 
a drop had broken free. This effect disappeared after the 
inside of the capillary was coated with silicone (20,44). 
The temperature range studied was 0° to 100°C for 
the aromatic nitro compounds while the upper temperature was 
limited to 40° or 60°C for the nitroparaffins by virtue of 


their higher vapor pressures. 


Polarographic Apparatus 


The polarographic measurements were made with the 
aid of the Metrohm Polarecord E261, a recording polarograph. 
This polarograph was especially suited to low diffusion 
current measurement since it possessed high sensitivity 
27x ier amperes full scale deflection), a compensation 
for charging current and wide choice of voltage ranges. 

The polarographic cell, illustrated in Figure 5, 
consisted of a silver/silver chloride reference electrode, 
the glass electrolysis cell, and a rubber stopper. The 
electrolysis cell was made from a 29 x 200 mm pyrex test tube 
shortened to 75 mm. The cell was fitted with a number 6 


rubber stopper provided with two holes, one for the dropping 
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Figure 5. Electrolysis cell used for polarographic measure- 
ments. A, glass electrolysis cell; B, silver/silver chloride 
reference electrode; C, 2-hole rubber stopper; D, dropping 
mercury electrode; E, positioning clamp; F, Tygon tubing 


to mercury reservoir. 
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electrode and the other for the reference electrode. The 
Silver/silver chloride reference electrode was prepared from 
10 cm of 18 gauge silver wire (8). The silver wire was wound 
in a 4 mm spiral and sealed into 4 mm soft glass tubing. It 
was coated with a layer of silver chloride by making it the 
anode in a cell for approximately one-half hour at a constant 
euUsrent Of 6.43 milliamperes in O.IM hydrochloric acid. It 
was stored in 0.1M LiCl-ethylene glycol or 0.1M LiCl-glycerol 
when not in use. Two different dropping mercury electrodes 
were used in this study. Capillary number I was about 60 mm 
in length and was used for the 0.1M LiCl-ethylene glycol 
studies. This electrode became plugged so another was con- 
structed, capillary number II, from a 100 mm length of marine 
barometer tubing (Corning Glass Works, Corning, N.Y.). The 
longer length was necessary since the bore of the capillary 
was larger. Both capillaries were ground to a pencil point 
and coated with Siliclad (Clay-Adams, Inc., New York), a 
water soluble silicone, for reasons stated previously. This 
coating involved drawing a one percent aqueous solution of 
Siliclad through the capillary for 5 minutes followed by 
rinsing with distilled water, drying for 24 hours at room 
temperature with a final drying for one-half hour at 100°C. 
During measurements the dropping mercury electrode was held 
vertically and at a reproducible height by a clamp situated 


above the electrolysis cell. This precaution was carried 
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out to minimize the variation inm 
the value of this term was determined each time. the 

dropping mercury electrode was connected to the mercury 
Peservoir with Tygon tubing. 

The deaeration assembly, illustrated in Figure 6, 
consisted of a nitrogen source, a cooling coil, a solvent 
Ebap co Saturate the gas with sample solution and a nitrogen 
bubbler. The cooling coil, B, was -made-from eight feet of 
/oson. 1. weoeper tubing wound§in a threawin. spiral. 

The solvent trap, C, was constructed from 19/38 ground glass 
joints and a course fritted glass gas dispersion tube. Two 
of these were constructed which allowed rapid interchange 
when a series of measurements were being carried out. The 
Microgen bubbler, E, consisted of a short length of thermo- 
meter capillary (0.5 cm) sealed to a length of 4 mm soft 
glass tubing. This was mounted in a number 6 rubber stopper 
fitted with an exhaust tube. This type of bubbler produces 
Small bubbles which bring about efficient deaeration. 

A Dewar flask containing an ice/water mixture was 
Weed tor thermostating at 0°C.” Iwo Colora’ Ultra-Thermostat 
Circulating baths, maintaining temperatures to + 0.05°C, 
were used for temperatures 20° to 100°C. One bath was water 
ferred for temperatures 20° to 50°C, the other was filled 


with industrial grade ethylene glycol for temperatures 50° 
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Figure 6. Deaeration assembly. A, nitrogen source; B, copper 
Cooling coil; .C,° solvent saturator; D, glass electrolysis 


cell and sample solution; E, nitrogen bubbler. 
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Diffusion Current Measurement 


The sample solutions were made up in 100 ml volu- 
metric flasks, containing 0.005 percent gelatin in those 
cases where preliminary investigation showed the need for 
maxima suppressors. A 15 ml aliquot was added to the 
electrolysis cell and 15 ml of the sample solution was placed 
in the presaturator. Deaeration was carried out as described 
previously. After deaeration, the dropping mercury electrode 
was inserted in the cell, positioned, and the polarogram re- 
corded, initially at 0°C. Subsequent polarograms were 
recorded at 20° intervals on the same solution by transferr- 
ing the whole assembly to the proper bath. Bath temperatures 
were regulated as needed. The time required to do a complete 
Miner Olmos cOVLOO°C#at 20° Wintervals, took on the average 
four hours. 

The height of the mercury column was about 37 cm. 
The values of m and t for each run were determined with the 
recording polarograph set at the observed half-wave potential 
by collecting and timing the flow of mercury through the 
Capi llabVoueinis daveldatal for the calculation of the 
capillary constant for each run. The averages for the 
capillary constant, in both solvents, for temperatures rang- 
mcetrom 0° to 100°C are shown in Tables I and II. It is 
interesting to point out that the flow rate of mercury 


increases more with temperature when glycerol is used as 
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TABLE I. VALUES OF THE RATE OF FLOW OF MERCURY, DROP TIME AND 


THE CAPILLARY CONSTANT* IN 0.1M LiCl-ETHYLENE GLYCOL AS SOLVENT? 


Drop Mass Flow Capillary Standard 

Temp., Time, t, Rate, m, Constant, nee Error of 

ea seconds m sec! mae see oe the Mean 
0 4.66 Ly. 28 1.153 07.01 
20 4.28 1, 38 1.54 07.01 
40 3477 13. 36 1.63 0.02 
60 3.40 1.34 iL. 5D 0), 02 
80 3408 13. 38 1 50) 0.02 
100 3802 11,38 (Bees) 02 02 


a. Capillary I. 


b. 0.005 percent in gelatin. 
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TABLE II. VALUES OF THE RATE OF FLOW OF MERCURY, DROP TIME 


AND THE CAPILLARY CONSTANT* IN 0.1M LiC1-GLYCEROL AS SOLVENT 


Drop Mass Flow Capillary Standard 

Tempe je wrtme, ty Rater - Constant, mae t L C8 | Error of 

_°C _—s seconds mg s mg *Ves Sele the Mean 
0 4.23 1.44 L a62 O7f01. 
20 4.41 1.47 1.66 0.01 
40 4.34 D2 i00 OZ OL 
60 4.31 OO vende O07 Omi 
80 4.00 ib Ass 1.74 SRA Oe 
100 390 ledos, 1.74 One 
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solvent than when ethylene glycol is used. On the other hand 
the drop time decreases less. 

Preliminary investigations as to the variation of 
diffusion current with concentration in both 0.1M LiCl- 
ethylene and 0.1M LiCl-glycerol were carried out. It was 
found that all the compounds tested showed the relation to 
be a linear one, which made it reasonable to use the diffusion 
current constant (I, = eefam 7479 (33) for calculating 
diffusion coefficients. Typical results are shown in Figures 
/yeosand 9, from the data an Tables II1, IV and V°for 1- 
nitropropane and nitrobenzene in 0.1M LiCl-ethylene glycol 


and in 0.1M LiCl-glycerol at 0°, 25°, 45°C and the range 0° 


tc, 1L00°G at 20° intervals. 


Viscosity Measurement 


Viscosities were determined on the same sample 
solutions that were examined polarographically. The measure- 
ments were obtained using calibrated Cannon-Fenske Routine 
Type Viscometers for transparent liquids. Choice of visco- 
meter was dictated by the viscosity of the solution in 
question and a ia ceo nesachithat the efflux time was between 
200 and 600 seconds. A stopwatch, graduated in 0.2 second 
intervals, was used to determine efflux times. Viscometer 


constants at 37.78°C (100°F) and 98.89°C (210°F) were supplied 


with the viscometers. Values of the viscometer constant at 
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Figure 7. Dependence of diffusion current on concentration at 
various temperatures. A, B, l-nitropropane and nitrobenzene in 
O0.1M LiCl-ethylene glycol; C, D, l-nitropropane and nitrobenzene 


in 0.1M LiCl-glycerol. 
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Figure 8. Dependence of diffusion current on concentration at 
various temperatures. A, l-nitropropane in 0.1M LiCl-ethylene 


glycol; . B,...J-nitropropane. in. 0.1M LiCl-glycerol. 
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Figure 9. Dependence of diffusion current on concentration at 
various temperatures. A, nitrobenzene in 0.1M Licl-ethylene 


glycol; B, nitrobenzene in 0.1M LiCl-glycerol. 
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TABLE III. VARIATION OF DIFFUSION CURRENT WITH CONCENTRATION 


IN 0.1M LiCl-ETHYLENE GLYCOL* 


Millimolar Diffusion Current, microamp. 

Compound Concentration Ose 2050 
1-Nitropropane OF. 0.20, Oe 35 
0.14 OeS3 0.50 

Om 1 ORG2 1.00 

0.69 To Zee 

ih Ses 203 4.36 

PREG 45°C 

Nitrobenzene O2ct 0.90 Awe hs 
0.41 DheES) pad NE: 

OS 1.64 2.64 

0.74 2.24 J.00 

0.82 Renal. 3nO3 

ce O 3.0L 5265 


a. 0.005 percent in gelatin. 
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TABLE IV. VARIATION OF DIFFUSION CURRENT WITH CONCENTRATION 


IN 0.1M LiC1-GLYCEROL 


Millimolar Diffusion Current, microamp. 
Compound Concentration 25 5C 45°C 
1-Nitropropane 0.41 0.509 0320 
0.66 O75 0.34 
1.50 OL85 0.78 
Nitrobenzene Ore 0.10 O25 
0.43 Cae 0.50 
0.68 O35 0.78 
0.94 OL 52 vel 
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TABLE V. 
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VARIATION OF DIFFUSION CURRENT WITH TEMPERATURE AND 


CONCENTRATION IN 0.1M LiCl-ETHYLENE GLYCOL” AND 0.1M LiCl- 


Compound 


1-Nitropropane” 


1-Nitropr opane~ 


itrobenzenes 


: Cc 
Nitrobenzene 


Diffusion Current, microamp. 


GLYCEROL 
Millimolar 
Concentration Of 
OFA 0.98 
0.99 2.04 
OF72 O05 
il ad ORL 0.07 
On5s 0.98 
1.00 ee 
Oro 0.05 
O07 0.09 


PANES 
.64 


206 


40° 


2.34 


60° 80277 100* 


3° 42°" 4%45 = 5252 


6 GOr ear 40 1022 


0.83, ee ei 


ie cere Ow 


a. 0.005 percent in gelatin. 


b. O.1M Licl-ethylene glycol. 


c. 0O.1M LiCl-glycerol. 
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temperatures other than these two were obtained by inter- 


polation and extrapolation using the relation (2) 


- TT) so. 14 
x 


where Cr is the viscometer constant at temperature T (°C), 
x 


and Cr ; Cr are the viscometer constants at temperatures 
1 2 
Ty 770°C) fand T, ( 


the difference in the acceleration due to gravity, g, at the 


98.89°C), respectively. A correction for 


calibration laboratory and at this laboratory was also carried 


out as follows 


Cc. aclinks / a Ch eee 


where Cy, and Ce are calibration constants and S71 Ip 
are the accelerations of gravity at the testing laboratory 
and calibrating laboratory, respectively. All viscometers 
used were corrected as outlined with calibration constants 
listed in Table VI. 

Test temperatures for viscosity determinations 
were maintained with two Sargent circulating baths, Type NSI 
-12, one water filled for temperatures 20° and 40°C, the 
other filled with industrial grade ethylene glycol for temp- 
eratures 60°, 80° and 100°C. Temperature control was 


+ 0.01°C. Thermostating at 0°C was carried out in an ice/ 


water bath which consisted of a 6 x 11 in. Dewar flask strip 
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TABLE VI. VISCOMETER CONSTANTS 


Viscometer Viscometer Constant, centistokes/sec 

50V286 0.004024 0.004018 0.004012 0.004004 0.003998 0.003991 
100H734 0.01563 02, 01561. O20 1533 0.01536 0.01534 0.01532 
150E68 O70 366.7 0.03661 U,03635 0.03649 0.03643 0.03637 
200D979 O.hO52 0.1050 0.1049 0.1047 0.1045 0.1044 
BO OGULB .Oint2 Sond, 0.2547 0.2542 OD Bo 3k 0.2534 072500 
4003549 1.238 13286 di2i35 Ieee ni Dae ze a Peco 


600V383 20.04 20.00 LOu396 TRS ees 19.88 LOSS 
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Silvered leaving a 1 in. window for viewing. Temperature 
uniformity was obtained with an electric stirrer. 

Viscometer holders were made from number 11 rubber 
stoppers by drilling two holes 13 mm and 8 mm in diameter 
with the center to center distance 25 mm. These were mounted 
on a Perspex bath cover in which were drilled 2 in. holes. 
Viscometer alignment was made visually with the aid of a 
plumb bob. 

The kinematic viscosity was calculated from the 


efflux time, t, and the viscometer calibration constant: 


Kinematic viscosity, centistokes = Cn iF ee Lo 
The dynamic viscosity, fr, was obtained from the 
relation 


H = kinematic viscosity x density oie WL, 


The viscometer was charged in the conventional 
manner with the sample solution that was being examined 
polarographically. After positioning in the proper bath, 
sufficient time was allowed for temperature equilibration, 
Five efflux time determinations were carried out on each 
solution and at each temperature. Time measurements were 
carried out to within 0.1 seconds with the stopwatch. Before 
another sample solution was examined the viscometer was 
cleaned by rinsing with distilled water, anhydrous methanol, 


followed by a final rinsing with petroleum ether. It was 
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dried with a stream of dried air. The viscometers were 
occasionally cleaned with chromic acid then rinsed and 


dried as stated previously. 


Density Measurement 


Densities of the 0.1M LiCcl~ethylene glycol and 
O.1M LiCl-glycerol solutions and the pure nitro compounds 
were determined by the pycnometer technique. The pycnometers 
used were the Weld type of capacity 3 and 25 ml. The 3 ml 
pycnometer was used in determining the densities of the l- 
and 2-nitrobutane since the amount available was small. 
Since a 3 ml pycnometer was not available one was constructed 
from a 2 ml volumetric flask to which was sealed the ground 
glass fitting from a conventional 25 ml pycnometer. Thermo- 
stating was carried out with the same constant temperature 
baths that were used for the viscosity determinations. 
Between determinations the pycnometers were cleaned with hot 
chromic acid, rinsed with distilled water, methanol, petro- 
leum ether and vacuum dried. Two 25 ml and one 3 ml pycno- 
meter were calibrated using freshly boiled distilled water. 
Calibrations were carried out at 20° intervals over the 
range 0° to 100°C. Duplicate determinations: for the cali- 
bration factors were carried out at each temperature for 
each pycnometer with a variation no greater than + 2 mg in 


the net weight of the water in the 25 ml pycnometer and no 
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greater than + 0.5 mg in the net weight of the water in the 


3 ml pycnometer. The pycnometer calibration factor, Fs, was 
obtained from 
density of water at t°C (d,) 
: RAE LS 


ae a weight of water in the pycnometer at t°C (W,) 


Density of water between 0° and 100°C were obtained from 
A.S.T.M. designation D-1480-57T. Calibration factors are 
listed in Table VII. 

Duplicate determinations were carried out on each 
solution with the density, corrected to vacuum, calculated 


by the following equation: 
density in vacuum (d.), g/ml = (FL) (W,) + C eee 
where C is the vacuum correction obtained from 
c=d,[1- (F,W,)| es20 


where de is the density of air in g/ml. Duplicate results 


did not differ by more than + 0.0005 g/ml. 


Experimental Results 


The effect of solvent and temperature on the 
diffusion coefficient was investigated for a series of organic 
nitro compounds. Polarographic diffusion currents and viscos- 


ities were determined in 0.1M LiCl-ethylene glycol and 0.1M 
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TABLE VII. PYCNOMETER CALIBRATION FACTORS 


Temperature, Pycnometer Number* and Constant, F,(m1~*) 
eC J 2 3 
0 0.040728 0.036548 0286105 
20 0.040723 0.036547 0536170 
40 0.040660 0.036536 0436318 
60 0.040562 0.036523 0.36160 
80 0.040412 0.036503 
100 0.040211 0.036487 


a. Pycnometer numbers 1 and 2 refer to the 25 ml pycnometers, 


number 3 refers to the 3 ml pycnometer. 
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LiCl-glycerol solutions of the nitro compounds for tempera- 
tures ranging from 0° to 100°C. Diffusion current constants 
obtained by polarography are shown in Tables XI - XIX. The 
polarographic results for 2-nitrobutane in 0.1M LiCl-glycerol, 
Table XV, are low in comparison with the other results. No 
explanation for this obviously inconsistent data can be offer- 
ed. Densities of the solvent systems and the nitro compounds 
are given in Table VIII. Viscosities of the solvent systems 
are in Table IX. 

Diffusion coefficients, shown in Tables XXI - XXIV, 
were computed from the Ilkovic Equation (Equation 4) and the 
Stokes-Einstein Equation (Equation 11); D, refers to the 
diffusion coefficient calculated from the Ilkovic Equation 
and D. refers to the diffusion coefficient calculated from 


E 


the Stokes-Einstein Equation. 
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TABLE VIII. VARIATION OF DENSITY WITH TEMPERATURE OF NITRO 


COMPOUNDS, O0.1M LiC1l-ETHYLENE GLYCOL AND 0.1M LiC1-GLYCEROL 


Substance 
Nitroethane 
1-Nitropropane 
2-Nitropropane 
1-Nitrobutane 
2-Nitrobutane 
Nitrobenzene 
o-Nitrotoluene 
2-Nitro-p-xylene 
3-Nitro-o-xylene 
O.1M Licl-Ethylene glycol® 


O.1M Licl-Glycerol 


Density, g/ml 
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a... 0.005 percent.in gelatin. 
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TABLE IX. VARIATION OF VISCOSITY WITH TEMPERATURE OF 0.1M 
LiCl-ETHYLENE GLYCOL SOLUTIONS AND 0.1M LiCl-GLYCEROL 
SOLUTIONS 
Viscosity, poise 
0.1M LiCl-Ethylene Glycol? O0.1M Licl-Glycerol 
Standard Standard 
Temp., EpLoOr of EY rOrOu 
i Viscosity the Mean Viscosity the Mean 
) 0.6200 0. 0009, 30,3 ye 
20 eee 0.0003 15.44 O20) 
40 0.1017 0.0001 fy TS eI Oe ULL 
60 0.05459 0.00008 0.8796 0.0002 
80 O00 328 0.00002 We ooG0 0.0001 
100 Oe Low 0500001 OF LS 0.0001 


a. 0.005 percent: in gelatin. 
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General 


As stated previously, a change of solvent from 
aqueous solution can affect the diffusion current in several 
ways. First, a change in the surface tension of the mercury 
may cause a change in the capillary constant; and second, a 
change in viscosity may cause a change in the diffusion 
coefficient. It can be seen from Tables I and II that the 
capillary constant over a temperature range of 100°C is 


relatively constant, i.e. 1.54 to 1.50 nee pace 4 eo. 1M 


“1/2 in. O.iM 


Licl-ethylene gGglycoPtand’ th. 62) towls 74 cae sec 
LiCl-glycerol. The variation observed, ca. 3 percent in 
O.1M Licl-ethylene glycol and ca. 7 percent in 0.1M Licl- 
Glycerol, is totally accounted for in the diffusion current 
constant, Ig° Changes in the diffusion current constant 
must therefore result from changes in the diffusion coeffic- 


ient. 


If we combine the Ilkovic Equation in the form 


T, = 607 nD * eee 


with the Stokes-Einstein expression for the diffusion coeffic- 


ient, Equation 13, we obtain 
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Equation 22 predicts a linear relation between the diffusion 
current constant and the temperature-viscosity ratio. Since 
we are dealing with non-ionic diffusing species the assumption 
that no solvation occurs in the two solvents employed seems 
reasonable. Hence we should be able to express the radius 

of the diffusing species in terms of the molar volume, i.e. 


1/3 are listed 


Equation 10. The values of the term (N/V) 
in Table X. This term is somewhat different for different 
compounds; The justification for assuming the same value 
for the number of electrons involved in the reduction 
process in the two solvents is based on the evidence 
Smocrezecinethe introductidn.? It follows .that the 
vaertacuonmvn the diffusion cunreént constant must result 
from a’change in the diffusion coefficient since the diffusion 
coefficient should be directly related to the viscosity 
of the “solvent according to Equation 22. 

From the above consideration, a plot of I. Vs 
oie should result in a linear relation if the coefficient 


"a" in Equation 22 is assumed to be constant for a particular 


“small molecule diffusing in a viscous solvent. In other words, 


TABLE X. VALUES OF THE TERM 
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(N/V) 


UL AS: 


FOR VARIOUS NITRO 


COMPOUNDS AT VARIOUS TEMPERATURES 


Substance 
Nitroethane 
1-Nitropropane 
2-Nitropropane 
1-Nitrobutane 
2-Nitrobutane 
Nitrobenzene 
o-Nitrotoluene 
2-Nitro-p-xylene 


3-Nitro-o-xylene 


(N/V) 
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“ Ag Ss 
if the above assumptions are applicable, the product L(y/t) 17? 
should be constant for any one solute and the only other 
variable affecting the diffusion coefficient is the tempera- 
ture-viscosity ratio. Values of the diffusion current constant, 
Ig, along with the temperature-viscosity ratio, are listed in 
Tables XI to XIX. As can be seen, the diffusion current 
constant increases by a factor of ca. 6 when going from 0° to 
100°C in 0.1M LiCl-ethylene glycol. On the other hand, the 
diffusion current constant in 0.1M LiCl-glycerol increases 

by a factor of ca. 35 for the same temperature change because 
of a much greater relative change of viscosity with tempera- 
ture. The increase of the temperature-viscosity ratio for an 
increase in temperature from 0° to 100°C is of the same order 
of magnitude as the increase in the diffusion current constant, 
i.e. a factor of ca. 6 in O.1M LiCl-ethylene glycol anda 
PecrouwoceCawes4) in 0,.1M LiCl<glycerol. A plot of Ig vs 
(Tfy)1/? 


in 0.1M LiCl-glycerol, shown in Figure 10, is a typical 


for nitrobenzene in 0.1M LiCl-ethylene glycol and 


example of what was observed for the compounds studied. It 
is noted that the plot is linear even though there is some 


2 


variation of Ig with (T/y ) for a particular solvent. 


However, the results for the two solvents are on different 
straight lines. 
Table XX summarizes the values of the product 


Iq (y/t) 1/? from Tables XI —- XIX. Table XX illustrates the 
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TABLE XI. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 


CONSTANTS AND THEIR PRODUCT, FOR NITROETHANE IN 0.1M Licl- 


ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


Nitroethane 


Concentration, Temp., 


millimoles/liter °C (°K/poise) ?/? Constant® 


Cc 


ima3 0 
20 
AO 
Omcos 0 
20 
40 
— py aeie/6 
a. I, i4/cm = 
See PE 


c. O.1M LiCl-ethylene glycol, 


qd. O.1M LiCl-glycerol. 


(TA) 17? 


21.0 
36..'2 


3040 


1.45 
4.36 


9,95 


microamperes millimolar 


Diffusion 


Current 


1.44 


0.0437 
0.136 


0.326 


b 
3 (y/t)*/? 


6t65 


6.43 


6.08 


Lag?” geet? 


0.005 percent in gelatin. 
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TABLE XII. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 


CONSTANTS AND THEIR PRODUCT, FOR 1-NITROPROPANE IN 0.1M LiCl- 


ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


1-Nitropropane Diffusion 
Concentration, Temp., (TA, Current b 
mMillimoles/liter °C (°K/poise) 1/2 Constant” Ta (n/t) 
0.99% 0 21.0 1.28 6.09 
20 36.2 2. BS 6.02 
40 es ae S601) 5.60 
1.05" 0 1.45 0.0436 3.01 
20 4,36 0.134 3.08 
40 9 95 0.5322 3.24 
Se Ee it Acme / ee microamperes miltimottar “my “/" see’, 
b, x 10*. 
c. 0O.1M LiCl-ethylene glycol, 0.005 percent in gelatin. 
qd. O.1M LiCl-glycerol. 
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TABLE XIII. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 
CONSTANTS AND THEIR PRODUCT, FOR 2-NITROPROPANE IN 0.1M LiCl- 


ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


2-Nitropropane DiEfusion 
Concentration, Temp. , my) aaa Current b 
113 Ni set a Tain ty te 
Witlimoles/ liter °C" “(°K/poise) Constant a‘) 
0.91° 0 21.0 1.09 ee 
20 364.2 86 DS 
40 Sova 2.00 4.68 
Weise O 1.45 0.0412 PAREN 
20 4.36 as 2.99 
40 SUBST) UU" Se 
a. Tg = ft esa ane microamperes Perl Tine ar meine ae Gee ee 
| je iam ica 


c. 0O.1M LiCl-ethylene glycol, 0.005 percent in gelatin. 


ae U.aM Licl-glycerol. 
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TABLE XIV. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 
CONSTANTS AND THEIR PRODUCT, FOR 1-NITROBUTANE IN 0.1M LiCl- 


ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


1-Nitrobutane Diffusion 


WZ 
3 


Concentration, Temp., (T/) Current 


ype 
millimoles/liter °C _ (°K /poise) 1/2 Constant? 1q'n/7) 
Pols 0 D1n0 iRiee; 5.09 
20 Bone Baye 7 fe) 4.83 
40 oes) 2300 4.59 
60 Ars k Bos 4.26 
1.05¢ 0 1.45 0.0345 2.38 
20 4,36 Oe Aig 2555 
40 Om 5 UP2sz 2.83 
60 1975 0.541 2.90 
ty i Jomo A178, microamperes “iullinelarasnceasaceoh a 
1s haar 4 10°, 


c. O.1M Licl-ethylene glycol, 0.005 percent in gelatin. 
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TABLE XV. 
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TEMPERATURE-VISCOSITY RATIOS, 


DIFFUSION CURRENT 


CONSTANTS AND THEIR PRODUCT, FOR 2-NITROBUTANE IN O0.1M LiCl- 


ETHYLENE GLYCOL AND IN 0.1M LiC1l-GLYCEROL 


2-Nitrobutane 


Concentration, Temp., 


mMillimoles/liter “°C 


To 0 
20 
40 
60 


0263 0 


ee 2/3,1/6 
I = i4/cm t A 


UPL Oni. 


0.1M LiCl-ethylene 


0.1M LiCl-glycerol. 


Diffusion 
yee Current 
Gia porsey Constant? T/T) 
elven) eee ey HAS) 
BGuw bps ha} Diao 
S18 Mees) 2.94 By eee) 
Ott 4.03 Spells) 
1.45 0.0228 ens! 
4,36 0.0561 Ub AAS) 
eee )s) Obes 1.34 
EOS 0.246 Ie Pao) 
microamperes ui anear = nds sa eee 
glycol, 0.005 percent in gelatin. 
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TABLE XVI. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 
CONSTANTS AND THEIR PRODUCT, FOR NITROBENZENE IN 0.1M Licl- 


ETHYLENE GLYCOL AND IN 0.1M LiCl1-GLYCEROL 


Nitrobenzene Diffusion 
Concentration, Temp., (TA) 7? , Current b 
HibeLMOLea slater SoCs _ (°K /poise) 7? Constant” 1g (/2) 0/7 
1.00° 0 iin si shag 5.81 
20 36.2 2.04 Syhe 
40 om 3.26 opie ty! 
60 1861 4.58 5 .86 
80 104 sare Sek) 
100 132 7.18 5.46 
ih age 0 1.45 0.0548 She Fie) 
20 4.36 0.188 4.32 
40 Yao5 0.448 4.50 
60 Lomo 0.896 4.61 
80 S23 1.40 4,34 
100 48.7 2.6 4.33 
a. Ty = aan microamperes eeetirmoree qag7? geet? | 
ms 1% 10°, 


c. O.1M LiCl-ethylene glycol, 0.005 percent in gelatin. 


d. O.1M LiCl-glycerol. 
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TABLE XVII. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 
CONSTANTS AND THEIR PRODUCT, FOR o-NITROTOLUENE IN 0.1M LicCl- 


ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


o-Nitrotoluene Diffusion 
Concentration, Temp., (T/y) 172, Current b 
millimoles/liter °C _ (°K/poise) }/? Constant” Lg (g/t)? 
1.03° 0 2:0 ale 5.28 
20 SOrn2 oS aH els) 
40 Dor) Paes Shea) 
60 (heh 4.10 Shea) 
80 104 ay 5 S)8) a eU 
100 SZ Breet. 4.77 
1.00° 0 1.45 0.0531 3.67 
20 4.36 0.168 3.68 
40 ee) S 0.410 4.12 
60 AMS) 453) 0.784 4.03 
80 3220 Las 4,12 
100 48.7 lZ65 Sabo 
a. Ts = ieVcH oot oe microamperes Airimotar mck eece 4 
SE 10% 


c. O.1M LiCl-ethylene glycol, 0.005 percent in gelatin. 


d. 0O.1M LiCl-glycerol. 
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TABLE XVIII. TEMPERATURE-VISCOSITY RATIOS, DIFFUSION CURRENT 
CONSTANTS AND THEIR PRODUCT, FOR 2-NITRO-p-XYLENE IN 0.1M 


LiC1-ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


2-Nitro-p-xylene Diffusion 
Concentration, Temp., (T/A) 1/2, Current b 
millimoles/liter °C _ (°K/poise) t/? Constant? saa yeit nies 
1.06° 0 Bae 1.08 5.14 
20 Boe aor DanLS 
40 Domo 2.94 Seed 
60 Yashoal 4.00 Desc 
80 104 ey na) 4.92 
100 eye Salo 4.67 
1.00° 0 1.45 0.0506 3.50 
20 4.36 02152 Syou 
40 9.95 Uggs S505 
60 LoS ay AST oid, 
80 Sys E} 1.24 3.84 
100 48.7 1.80 a0 
a. Is = Bone) 76 microamperes ict WELTER eg et ee 
2 oe oe Lace 


c. O.1M LiCl-ethylene glycol, 


d. 0O.1M LiCl-glycerol. 


0.005 percent in gelatin. 
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TABLE XIX. TEMPERATURE-VISCOSITY RATIOS, 


CONSTANTS AND THEIR PRODUCT, FOR 3-NITRO-o-XYLENE IN 0.1M 


= Oe 


LiC1l-ETHYLENE GLYCOL AND IN 0.1M LiC1-GLYCEROL 


DIFFUSION CURRENT 


3-Nitro-o-xylene Diffusion 
Concentration, Temps. (t/ny 7? Current b 
mellimoles/liter °C _ (°K/poise) 17? Constant” nave) 
1s02- 0 Bie0 ned 5.09 
20 BOmz eeu ST ehs, 
40 Soe beth: 4.09 
60 Fit = pel 4.08 Dare 2 
80 104 Ditk2 4.94 
100 Ti 6.05 4.60 
18 029 0 1.45 0.0603 4.17 
20 4.36 0.188 4.32 
40 9L2D 0.470 4.72 
60 or, 5 Oe 72 4,48 
80 Zia 1.43 4.43 
100 48.7 2.04 4.18 
a. I, 3 teamed et (>. microamperes Fae mo la reeiicae CeCe 
b. x 10°, 


c. O.1M LiCl-ethylene glycol, 


d. O.1M LiCl-glycerol. 


0.005 percent in gelatin. 
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Figure 10. An example of the variation of the diffusion current 
constant with the temperature-viscosity ratio, for nitrobenzene 


in 0.1M LiCl-ethylene glycol (A) and in 0.1M LiCl-glycerol (B). 
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TABLE XX. VALUES OF THE PRODUCT OF THE DIFFUSION CURRENT 


CONSTANT AND THE VISCOSITY-TEMPERATURE RATIO 


a 
Ig (n/n) 1/2 , O.1M LiCl-Ethylene Glycol” 
v Y 
c = 
v ) v v @ 
fo e Y v ’e 4 par 
0 0 = = v Y > > 
0) Ou Qy (0) 0} SG = x x 
S © O p p @ 4 f 
o 4 4 . 3 N 0 QO, O 
G Q, Qy rQ Q S p I 1 
yp O O O O o O O O 
0) re 4 4 ie Q 4 re 4 
Temp ne e = 4 he a a 
ay p Z Z Zi Ai p Z Z Z 
dj - l 
Yo) a + N re N a fe) N ~m 
6) OS Sai) oe 2 OS Bees oO 2. 51 5.28. 5 lave 5.09 
20 Ota mem cmon see oe So 36s 6.63, 5.58 5.16 5.00 
40 DOCS Oma OO. 209s 5429 DsGl 9420 5.29 9.09 
60 2.261 M52561-51 S60r5) 25t) Sl 2tnS .22 
80 55 Oo 5 2Oe A 92d On 
100 5.46 4.77 4.67 4.60 
72 
Ig (n/T) » O.1M Licl-Glycerol 
6) Cn eo ee Smee Somer ee 5 Oe. 6 J. 3 oO. a) 7 
20 Comoe UO 2eI9ee eel. 29) 4.552 3.68 °° 3.50 4,32 
40 CLO og eee LO goo Loe a, OU. 4.2) 34 ID: tee fe 
60 2476r0L.26 vasGisi ay OSne 327710 4.48 
80 4.34 4.12 3.84 4.43 
100 re See ee 609: ALS 
a. (microamperes Rim dieteteemas 27> ye. 1/2 =e 2 
: sec poise eK Px1Om. 


b. 0.005 percent in gelatin. 
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relative constancy of the product for any one compound in 
one solvent at a series of temperatures. It is also clear 
that the product varies from compound to compound. It was 
hoped that any difference in the product for different 
solutes could be totally accounted for by the difference in 


L73 


the value of (N/V) of Equation 22. In general as (w/v) 1/3 


decreases so does the product Ig (n/) +72, but the changes in 
thm 
(w/v) 17 


I, (» 
0°c the value of (n/v) 273 changes from 2.05 x 10/ for nitro- 


ethane to 1.80 x oe for l-nitrobutane, i.e. a change of 


1/2 


account only for a minor part of the change in 


jr) i72 , For instance, in 0.1M LiCl-ethylene glycol at 


ca. 3.5 percent in the term (w/v) 173 whereas Ly (H/T) 
changes ca. 25 percent for these two substances at the same 
temperature. Similarly, in 0.1M LiCl-glycerol at O0°C the 


product Ig (nm /) 1/2 


changes ca. 20 percent for these two 
substances at the same temperature. 

As has been pointed out in the introduction it was 
hoped that one could measure diffusion coefficients by polar- 
ographic means and by correlation of these measurements with 
the more simply measured property of viscosity one could 
obtain diffusion coefficients for a wide variety of solvents. 
It is therefore of interest to compare diffusion coefficients 


obtained from the Ilkovic Equation (Equation 4) with those 


calculated from the Stokes-Einstein Equation (Equation 11). 
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Table XXI summarizes the values of the diffusion 
coefficient calculated from these two equations for the 
several nitro compounds in 0.1M LiCl-ethylene glycol at 
temperatures O° to 100°C. If the two sections of the table 
are compared it is clear that the diffusion coefficient cal- 
culated from polarographic measurements is larger than that 
calculated from viscosity data, i.e. D, > Don: Thistis snot 
unexpected if we consider Equation 1l. As stated previously, 
Equation 1l is applicable when the size of the diffusing 
species is slightly larger than or approximately equal to 
the size of the solvent molecules. When one applies Equation 
ll to the situation of a diffusing species much larger than 
the solvent molecules the factor 2t in Equation 1l is 
replaced by a larger factor, i.e. 4T. Hence, one would 
expect that the factor 2t1 of Equation 11 should be replaced 
by a smaller factor when one applies Equation 11 to the sit- 
uation of a diffusing species smaller than the solvent 
molecules (32). This is consistent with the data of Table 
XXI in which diffusion coefficients calculated from the 
Ilkovic Equation are larger than those calculated from 
Eguation ll. 

The results of Table XXI have been compared with 
the small amount of information available in the literature 
for organic nitro compounds in ethylene glycol-based solutions. 


The results in Table XXII have been calculated from the 
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TABLE XXI. DIFFUSION COEFFICIENTS OF ORGANIC NITRO COMPOUNDS 
IN 0.1M LiCl-ETHYLENE GLYCOL” CALCUATED FROM THE ILKOVIC 


EQUATION AND FROM THE STOKES-EINSTEIN EQUATION 


Diffusion Coeeriorenta: from the Ilkovic Equation 
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Diffusion idk firrad ditt’ from the Stokes-Einstein Equation©® 
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a. 0.005 percent in gelatin. 
b. cm*secyl x nf aay 
c. Equation ll. 
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TABLE XXII. 
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DIFFUSION COEFFICIENTS OF NITROETHANE , 


1- AND 2- 


NITROPROPANE IN 0.3M LiCl-ETHYLENE GLYCOL AND IN 0.1M LiCl- 


Substance 
Nitroethane 
1-Nitropropane 


2-Nitropropane 


a. aps x 


‘Ob. Calculated from the data of Radin and DeVries 


MOT 


ETHYLENE GLYCOL 


Diffusion Coefficient® 


0.3M LiCl-Ethylene 


Glycol” 
9.8 5.o 
Sis Dao 
1 Pie oft 


temperature 25°C. 


O0.1M LiCl-Ethylene 


Glycol® 
aie hse onendatse: 
11.4 7.6 
ey 6.9 
7.4 6.9 


(38). 


c. 0.005 percent in gelatin, present work. 


d. Diffusion coefficient from the Ilkovic Equation. 


e. Diffusion coefficient from the Stokes-Einstein Equation, 


Equation ll. 
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polarographic data of Radin and DeVries (38) and the polaro- 
graphic and viscosity data of the author. For calculations 
involving Equation 1l the viscosity of the 0.3M LiCl-ethylene 
glycol solution used by Radin and DeVries was estimated from 
viscosity data of pure ethylene glycol (6) and the viscosity 
data presented in Table IX. According to Bingham (4) the 
fluidity, 1/y , Of a dilute solution varies directly with 
the concentration of added electrolyte. For aqueous solutions 
of lithium chloride, Bingham reports a decrease in the 
fluidity with added electrolyte, e.g. at 25°C the fluidity 
varies linearly for concentrations of 0 to 1M LiCl from 105 
to 98 peasehe. On the basis of this linearity it is estim- 
ated that the viscosity of the 0.3M LiCl-ethylene glycol 
solution is 0.243 poise. Values of the diffusion coefficient 
at 25°C in 0.1M LiCl-ethylene glycol were obtained by inter- 
polation of the diffusion coefficient-temperature graphs 
obtained from the data in Table XXI. It is clear from Table 
XXII that the data of Radin and DeVries generally substanti- 
ates the conclusion of the preceeding paragraph that diffusion 
coefficients calculated from the Ilkovic Equation are greater 
than those calculated from Equation 11 for the solvent 
ethylene glycol. 
On the basis of what was observed for the ethylene 

glycol-based solutions we might predict that the same trend 


should occur for the same species diffusing in 0.1M LiCl- 
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glycerol, i.e. D> D Table XXIII summarizes the values 


SE°* 
of the diffusion coefficient calculated from the Ilkovic 
Equation and from Equation 11 for the same nitro compounds 

in 0.1M LiCl-glycerol at temperatures 0° to 100°C. Froma 
comparison of the two sections of the table it is clear that 
the diffusion coefficient calculated from viscosity data is 
larger than that calculated from polarographic measurements, 
ise. Don > D_- This isin direct contradiction to what was 
expected. Again the results have been compared with the 
limited data available for organic nitro compounds in glycerol- 
based solutions. The results in Table XXIV have been calcul- 
ated from the polarographic data of Radin and DeVries (38) 
for some nitroparaffins in 0.3M LiCl-glycerol. For calcul- 
ations involving Equation 1l the viscosity of 0.3M LicCl- 
glycerol was estimated in the same manner as for the 0.3M 
LiCl-ethylene glycol solutions. The viscosity of the 0.3M 
LiCl-glycerol was estimated to be 13.7 poise. As with the 
diffusion coefficients in 0.1M LiCl-ethylene glycol, the 
diffusion coefficients at 25°C in 0.1M LiCl-glycerol were 
obtained by interpolation of the diffusion coefficient- 
temperature graphs obtained from the data in Table XXIII. 

It is apparent from Table XXIV that the results obtained 

from the data of Radin and DeVries confirm the data of 

Table XXIII that the diffusion coefficients calculated from 


Equation 1l are greater than those calculated from the Ilkovic 
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TABLE XXIII. DIFFUSION COEFFICIENTS OF ORGANIC NITRO COMPOUNDS 
IN 0.1M LiC1-GLYCEROL CALCULATED FROM THE ILKOVIC EQUATION AND 


THE STOKES-EINSTEIN EQUATION? 


Diffusion Coefficient® from the Ilkovic Equation 


Nitroethane 
1-Nitropropane 
2-Nitr opr opane 
1-Nitrobutane 
2-Nitrobutane 
Nitrobenzene 
o-Nitrotoluene 
2-Nitro-p-xylene 
3-Nitro-o-xylene 


0 0.0033 0.0032 0.0029 0.0021 0.0009 0.0054 0.0049 0.0044 0.0063 
20 0.0313 0.0309 0.0291 0.0206 0.0054 0.0605 0.0482 0.0424 0.0603 
Ameo awmOe tO UsLo2, U6Sl356,° 0.0310 0.3542, :0.296., 0.266 0.379 


60 O49 2ZeeO5l05 1.38 Wek) ie LO me earetot 
80 Sian 2.84 2.0) 3.54 
100 S.U/ ee 1/5) hs ye Tatil 


Diffusion Coefficient* from the Stokes-Einstein Equation” 
Cee OL OO ae 008 7m 0.005 7..0.0083'0,0083 0.0083 0.0080 0.0076 0.0076 
BOs U,0CfIe Oe Joo .0760 0.0744 0,0/45 0.0753 0.0718 0.0688 0.0690 
4088094589" 047408 0.406 0.385 0.385 0.390 0.372 0.356 0.358 
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TABLE XXIV. DIFFUSION COEFFICIENTS OF NITROETHANE, 1- AND 2- 


NITROPROPANE IN 0.3M LiC1-GLYCEROL AND IN 0.1M LiC1-GLYCEROL 


Diffusion Coefficient® 


0.3M Licl-Glycero1” 0.1M Licl-Glycerol® 
Substance Da Dek ey DsE 
Nitroethane 0,07 0.10 0.050 Onl 3 
1-Nitropropane 0.07 0.095 0.047 O12 
2-Nitropropane 0 2 0.095 0.046 Oxtli2 


a. omseo™> x 10/, temperature 25°C. 

b. Calculated from the data of Radin and DeVries (38). 

c. Present work. 

d. Diffusion coefficient from the Ilkovic Equation. 

e. Diffusion coefficient from the Stokes-—Einstein Equation, 


Equation ll. 
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Equation for the glycerol-based solutions. 


Correction to the Stokes-Einstein Equation 


It has been stated by Harris and Habgood (17) that 
a linear relation exists between log T/y and 1/T “for a 
variety of solvents, including ethylene glycol and glycerol. 
However, a plot of this: function, Figure 11, from the data 
in Table IX, displays non-linearity for both 0.1M LiCl-ethyl- 
ene glycol and 0.1M LiCl-glycerol over the temperature range 
O° to 100°C. This non-linearity is readily accounted for by 
considering the transition theory of Ewell and Eyring (10). 
Their concern is with associated liquids such as hydrolytic 
compounds with viscosities and temperature coefficients 
of viscosity much higher than for analogous nonassociated 
substances. They attribute the high viscosity observed for 
associated liquids to the fact that in addition to the normal 
work required to make a hole, i.e. a vacancy for the diffusing 
species to enter, the breaking of hydrogen bonds which attach 
the molecule to surrounding molecules is necessary, before 
the activated state for flow can be attained. With increas- 
ing temperature there is a decreasing number of hydrogen 
bonds to be broken. Hence, with an increase in temperature 
there is a decrease in the activation energy for viscous 


flow. This inconstancy of the activation energy with temper- 
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Figure 1l. Viscosity-temperature relations for 0.1M LiCl- 


ethylene glycol (A) and 0.1M LiCl-glycerol (B). 
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ature accounts for the non-linearity of the log T/y (or 
log: D) vs 271 plioatsea 

Plots: oL log™a ve_1/T for diffusion coefficients 
calculated from the Ilkovic Equation and from Equation 1l 
display the same non-linearity described above. Figure 12, 
obtained from the data in Tables XXI and XXIII, illustrates 
the case of nitrobenzene in 0.1M LiCl-ethylene glycol and 
in 0.1M LiCl-glycerol. It is evident that Curve B would 
lie along the same line as Curve A if the diffusion coeffi- 
cients for Curve B were multiplied by a factor of about 1.4. 
Similarly Curve C would coincide with Curve D if the diffu- 
sion coefficients for Curve C were multiplied by a factor of 
about 9.8. 

Table XXV lists values of the ratio D,/Dop Lor 
the organic nitro compounds in 0.1M LiCl-ethylene glycol 
and in 0.1M LiCl-glycerol. In general, as the size of the 
diffusing species increases relative to the size of the 
solvent molecules, the ratio D,/Do decreases. For instance, 
in 0.1M LiCl-ethylene glycol at 0°C the ratio D/Dsr is 
greater than one and decreases from a value of 1.70 for nitro- 
ethane to a value of 1.11 for l-nitrobutane and from 1.48 
for nitrobenzene to 1.23 for the nitroxylenes. The data for 
the glycerol system is less consistent but at 0°C the ratio 
D,/Dop is less than one and decreases in general from a 


value of 0.35 for nitroethane to a value of 0.25 for l-nitro- 
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Figure 12. Diffusion coefficients-temperature relations for 
nitrobenzene in 0.1M LiCl-ethylene glycol (A,B) and in 0.1M 
LiCl-glycerol (C,D). B,C: diffusion coefficients from 

Equation ll. A,D: diffusion coefficients from the Ilkovic 


Equation. 
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TABLE XXV. RATIO® OF DIFFUSION COEFFICIENTS CALCULATED FROM 


THE ILKOVIC EQUATION AND THE STOKES-EINSTEIN EQUATION? 


D_/D 0.1M LiCl-Ethylene Glycol 


Ls 


Nitroethane 
1-Nitropropane 
2-Nitropropane 
1-Nitrobutane 
2-Nitrobutane 
Nitrobenzene 
o-Nitrotoluene 
2-Nitro-p-xylene 
3-Nitro-o-xylene 


ee ee 


0 eee Done eo, tell 1.42 948° 1.81: 1.22 (1.24 
20 POOL OMe ates (OO 8 12> 1.38  d.28 1.26 1.18 
40 acer cee Soo tO eer ee) el ee ee Lee 
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20 S00) 0439-20073.70, O52 7,7,.0,20 72 £0 2803 0.617 40.616 .0,874 
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60 Oe 7 OFOTO72=05932 05754.0.5669 0.9603 
80 OCS2570 Ses Ory rs so49 
100 0.878 60+657.10 7658, 0.842 
a. D>/Dgpi D>; diffusion coefficient calculated from the 
Ilkovic Equation, D diffusion coefficient calculated 


SE?’ 
from the Stokes-Einstein Equation. 


b. Equation ll. 


c. 0.005 percent in gelatin. 
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butane, but without a consistent trend for the aromatic 
nitro compounds. 

It was initially assumed that diffusion coeffic- 
ients from polarographic measurements and the Ilkovic Equation 
were correct. With this assumption, diffusion coefficients 
calculated from Equation 1l were corrected to give the 
assumed correct value. The value of the coefficient "a" 
of Equation 13 necessary to give the assumed correct value 
of the diffusion coefficient can be obtained from the 


relation 


aan Ee m2 
Dk EES 
Table XXVI lists values of the coefficient "a" for 
each of the nitro compounds in 0.1M LiCl-ethylene glycol and 
in 0.1M LiCl-glycerol. From Table XXVI it would appear that 
there is a general increase in the coefficient "a" as the 
Size of the diffusing species increases. For instance, in 
O.1M LiCl-ethylene glycol at O°C the value of "a" increases 
from 1.18 for nitroethane to about 1.6 for the nitrobutanes 
and from 1.35 for nitrobenzene to 1.62 for the nitroxylenes. 
Possibly this same trend is revealed in 0.1M LiCl-glycerol 
at 0°C with the value of "a” increasing in general from 5.77 
for nitroethane to 8.04 for l-nitrobutane, but without a 
consistent trend for the aromatic nitro compounds. A trend 


of this sort would be predicted by the theory from which 
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TABLE XXVI. VALUES OF THE COEFFICIENT "a" FOR NITROPARAFFINS 
AND FOR NITROBENZENES IN 0.1M LiC1-ETHYLENE GLYCOL AND IN 


O0.1M LiC1-GLYCEROL 


Value of the Coefficient "a", 0.1M LiCl-Ethylene Glycol* 


Nitroethane 
1-Nitropropane 
2-Nitropropane 
1-Nitrobutane 
2-Nitrobutane 
Nitrobenzene 
o-Nitrotoluene 
2-Nitro-p-xylene 
3-Nitro-o-xylene 
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Value. of the Coefficient "a", 0.1M LiCl-Glycerol 
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a. 0.005 percent in gelatin 
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Equation 13 was derived, i.e. as the size of the diffusing 
species increases, relative to the size of the solvent 
molecules, the coefficient "a" should also increase. 

Although there appears to be considerable scatter 
in the value of the coefficient "a" for a particular compound 
over the temperature range studied, no single trend with 
temperature is evident from the data in Table XXVI. It is 
noted in general that the data for the aromatic nitro com- 
pounds studied show less scatter than the nitroparaffins. 
For example, in 0.1M LiCl-ethylene glycol, the coefficient 
"a" for the nitroparaffins shows a variation of about 15 
percent for the temperature range 0° to 40°C. On the other 
hand, the variation in the coefficient "a" for the aromatic 
nitro compounds is only about 5 percent for the same temper- 
ature range. 

In summary it was originally hoped that diffusion 
coefficients could be obtained from a simply determined 
property such as viscosity through the Stokes-Einstein Equa- 
tion. At best it is felt that the diffusion coefficients 
obtained by the method outlined are valid within only an 
order of magnitude of the true value. The results in 0.1M 
LiCl-ethylene glycol generally follow the pattern predicted 
by existing theory whereas the results in 0.1M LiCl-glycerol 
are inconsistent with what was expected. On the basis of the 


data obtained no explanation can be offered for the behaviour 
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observed in 0.1M LiCl-glycerol. The author now has some doubt 
as to the validity of the Ilkovic Equation when it is applied 
to highly viscous solvents such as glycerol. For instance, 
one observation which requires explanation is that at the 

same viscosity, in the two different solvents, equal or 

nearly equal diffusion currents should be obtained. Any 
slight variation in the diffusion current could then be 
attributed to a slightly different value for the diffusion 
coefficient due to the relative size of the diffusing species 
to the solvent molecules, i.e. the coefficient "a" of Equation 
13. It would be interesting to see if the same trend is 
noticed with another series of organic compounds in the two 
solvents to either confirm or deny the results obtained from 
this study. It is suggested by the author that a comparison 
of diffusion coefficients measured by one of the classical 
techniques (see Introduction) with those obtained from polaro- 
graphic measurements be carried out. A study of this kind 
could possibly provide some insight into the validity of 

the use of the Ilkovic Equation for determining diffusion 


coefficients in highly viscous solvents. 
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